Introduction
Liver cirrhosis is the 12th leading cause of mortality worldwide (1) . Approximately 50% of cirrhosis-related deaths are due to alcohol abuse (2) . Chronic alcoholism can lead to intestinal bacterial overgrowth and dysbiosis, a leaky gut barrier, and increased systemic levels of bacterial products (3) (4) (5) (6) (7) . Although the intestinal microbiome contains bacteria, fungi, and viruses, research in the field of alcohol-associated disease has almost exclusively focused on the interaction between the host and bacteria. Changes in the composition of the commensal intestinal fungi, also called the mycobiome, and their interaction with human tissues have been associated with other diseases (8) .
The predominant commensal fungal species in the human intestine are Candida species, Saccharomyces cerevisiae, and Malassezia species (9) . Like commensal bacteria in the intestine, fungi interact with their host. Although the host immune system develops tolerance to colonization with commensal fungi, it must contain the spread, and, in particular, invasion, of fungi (10) . The human intestine can serve as a source of systemic fungal products or fungal infection when the gut barrier is disrupted (11) . Patients with cirrhosis frequently either are exposed to fungal products (12) or develop fungal infections, with high mortality (13) (14) (15) . Spontaneous fungal peritonitis is mainly caused by Candida species -in particular by Candida albicans in patients with cirrhosis (16) .
Chronic liver disease with cirrhosis is the 12th leading cause of death in the United States, and alcoholic liver disease accounts for approximately half of all cirrhosis deaths. Chronic alcohol consumption is associated with intestinal bacterial dysbiosis, yet we understand little about the contribution of intestinal fungi, or mycobiota, to alcoholic liver disease. Here we have demonstrated that chronic alcohol administration increases mycobiota populations and translocation of fungal β-glucan into systemic circulation in mice. Treating mice with antifungal agents reduced intestinal fungal overgrowth, decreased β-glucan translocation, and ameliorated ethanol-induced liver disease. Using bone marrow chimeric mice, we found that β-glucan induces liver inflammation via the C-type lectin-like receptor CLEC7A on Kupffer cells and possibly other bone marrowderived cells. Subsequent increases in IL-1β expression and secretion contributed to hepatocyte damage and promoted development of ethanol-induced liver disease. We observed that alcohol-dependent patients displayed reduced intestinal fungal diversity and Candida overgrowth. Compared with healthy individuals and patients with non-alcohol-related cirrhosis, alcoholic cirrhosis patients had increased systemic exposure and immune response to mycobiota. Moreover, the levels of extraintestinal exposure and immune response correlated with mortality. Thus, chronic alcohol consumption is associated with an altered mycobiota and translocation of fungal products. Manipulating the intestinal mycobiome might be an effective strategy for attenuating alcohol-related liver disease.
Intestinal fungi contribute to development of alcoholic liver disease 2 8 3 0 jci.org Volume 127 Number 7 July 2017 al tight junctions, and increased paracellular permeability (20) . The mean plasma level of 1,3-β-d-glucan was slightly higher in WT mice fed an ethanol diet than in WT mice fed an isocaloric control diet for 8 weeks ( Figure 1B) . A shorter ethanol feeding period of 5 weeks did not increase plasma 1,3-β-d-glucan (Supplemental Figure 1C) . These results indicate that chronic ethanol feeding promotes expansion of intestinal fungi and translocation of fungal cell products to the systemic circulation. Future studies are required to assess not only the quantity of intestinal fungi, but also compositional changes at different time points after ethanol feeding.
Reducing an alcohol-associated increase in intestinal fungi attenuates features of ethanol-induced liver disease in mice.
To determine whether reducing intestinal fungi protects against ethanol-induced liver disease, the commensal mycobiota was decreased during ethanol feeding with the nonabsorbable antifungal agent amphotericin B. Intestinal fungal overgrowth was observed in mice fed ethanol, but not in mice given amphotericin B with the ethanol diet (Figure 2A ). Reducing the alcohol-associated increase in intestinal fungi significantly lowered the mean plasma level of 1,3-β-d-glucan produced with chronic ethanol feeding ( Figure 2B ).
Ratios of liver to body weight were similar in mice given vehicle versus amphotericin B and fed ethanol for 8 weeks (Supplemental Figure 2A ). Mice receiving amphotericin B developed less severe ethanol-associated liver disease; these mice had lower levels of liver injury (based on plasma level of alanine aminotransferase) and hepatic steatosis than mice receiving vehicle ( To determine whether treatment with amphotericin B affects intestinal absorption and hepatic metabolism of ethanol, we measured plasma levels of ethanol and analyzed hepatic ethanol metabolism. Plasma levels of ethanol were comparable between mice receiving vehicle versus amphotericin B following chronic ethanol administration (Supplemental Figure 2B) . Alcohol dehydrogenase (ADH) and cytochrome P450 enzyme 2E1 (CYP2E1) are main hepatic enzymes that metabolize ethanol and convert it to acetaldehyde (5). Hepatic ADH activity did not differ significantly between groups given vehicle versus amphotericin B while fed ethanol (Supplemental Figure 2C ). Hepatic levels of CYP2E1 protein increased to a similar extent following ethanol administration to mice given vehicle versus amphotericin B (Supplemental Figure 2D ). These findings suggest that amphotericin B prevents liver disease without affecting intestinal absorption or hepatic metabolism of ethanol.
C-type lectin domain family 7 member A (CLEC7A; also known as DECTIN1) is a pattern recognition receptor. CLEC7A recognizes a variety of 1,3-β-glucans (10) -cell wall polysaccharides found in and released from most fungi, including species of Candida, Aspergillus, and Pneumocystis (17) . Upon ligand binding, CLEC7A activates caspase recruitment domain family member 9 (CARD9) and NF-κB, leading to transcription of several cytokines, including pro-interleukin-1β (pro-IL-1β) (18) . The CLEC7A signaling pathway results in cleavage of pro-IL-1β and production of mature IL-1β by activating the NLR family pyrin domain-containing 3 (NLRP3) and caspase-1 inflammasome pathways (19) .
We investigated the role of the mycobiota and CLEC7A signaling in development of alcoholic liver disease.
Results

Chronic ethanol administration results in intestinal fungal overgrowth and increased plasma levels of β-glucan in mice.
Intestinal bacterial overgrowth is common in alcohol-dependent patients (3). To determine whether chronic ethanol administration increases commensal fungi in mice, fecal numbers of fungi were measured by quantitative PCR (qPCR). Significantly increased fungal populations were observed after 8 weeks of ethanol administration in C57BL/6 WT mice ( Figure 1A) ; a nonsignificant trend toward increased fungal populations was already seen after 5 weeks of ethanol feeding (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI90562DS1). Fungal dysbiosis was determined in mice fed an ethanol-containing diet for 8 weeks using internal transcribed spacer (ITS) sequencing. Ethanol consumption resulted in an increase in both fungal species richness (average of 189.2 ± 94.7 operational taxonomic units [OTUs] for ethanol vs. 74.7 ± 17.5 OTUs for control diet) and diversity (average Simpson index of 0.256 ± 0.097 for ethanol vs. 0.664 ± 0.224 for control diet). Compositional changes in the intestinal mycobiome were characterized by significantly increased proportions of Humicola species (P = 0.0017), Fusarium (P = 0.0190), and Aspergillus (P = 0.0258), while proportions of Candida species decreased (P = 0.0007) with ethanol consumption (Supplemental Figure 1B) . Candida species constitute between 40% and nearly 90% of all fungal reads, with the majority being Candida parapsilosis and Candida albicans (Supplemental Figure 1B) . There was a significant decrease in relative abundance of C. parapsilosis (P = 0.0007) with ethanol consumption. The apparent increase in C. albicans relative abundance was not significantly different.
Development of alcoholic liver disease involves increased translocation of microbial products from the intestinal lumen to the systemic circulation, facilitated by dysfunctional intestinal epitheli- To determine whether a reduction of fungi in the intestine alters the bacterial composition, the fecal microbiota was analyzed by 16S rRNA gene sequencing. Chronic ethanol administration induced bacterial dysbiosis in mice given vehicle (4, 21, 22 ) (Supplemental Figure 2E) . Antifungal treatment did not produce major changes in the bacterial composition in isocaloric or ethanol diet-fed mice by comparison of bacterial 16S rRNA data sets (Supplemental Figure 2E ). In addition, total numbers of bacteria did not differ significantly between mice given vehicle versus amphotericin B while fed ethanol (Supplemental Figure 2F) .
Chronic ethanol administration is associated with a breach in the gut barrier and lower expression of intestinal tight junction proteins (23) . We confirmed that occludin expression decreased in the jejunum after chronic ethanol feeding of mice given vehicle, similar to the reduced expression in mice receiving amphotericin B (Supplemental Figure 2G) . Consistent with occludin expression data, paracellular permeability, based on systemic levels of translocated lipopolysaccharide (LPS), did not differ between vehicle-and amphotericin B-treated mice after ethanol feeding (Supplemental Figure 2H ). These findings indicate that a reduction of ethanol-associated fungal overgrowth does not alter bacterial dysbiosis, increased intestinal permeability, and translocation of LPS. Interestingly, hepatic IL-1R-associated kinase 3 (Irak3, also called IRAK-M) expression was significantly higher in control and ethanol-fed mice after amphotericin B treatment (Supplemental Figure 2I ). IRAK3 is a negative regulator of Toll-like receptor (TLR) signaling through inhibition of MYD88 signaling (24) , which might decrease LPS/TLR4 signaling during chronic ethanol feeding.
Loss of CLEC7A from bone marrow-derived cells decreases ethanol-induced steatohepatitis. CLE-C7A is primarily expressed on myeloid cells (18, 25) . To determine the expression pattern of CLE-C7A in liver, parenchymal and nonparenchymal hepatic cells were isolated from WT mice. Clec7a mRNA was highly expressed on Kupffer cells but not on hepatocytes or hepatic stellate cells in mice ( Figure 3A) . Using immunofluorescence analyses, we found that in livers of mice, CLEC7A colocalized with F4/80 (Supplemental Figure  3A) . These results were confirmed in human liver cells and tissue sections (Supplemental Figure 3 Figure 3B ). Chimeric mice with bone marrow-derived cells that lacked Clec7a expression had slightly lower ratios of liver to body weight (Supplemental Figure 4A (19) . Development of alcoholic liver disease requires IL-1β (27) . Blocking IL-1β prevents alcoholic steatohepatitis in mice (27) . We confirmed investigate whether innate immune signaling through CLEC7A on bone marrow-derived cells and Kupffer cells mediates the effect of translocated fungal products following chronic ethanol administration, we generated CLEC7A bone marrow chimeric mice using a combination of clodronate-mediated Kupffer cell depletion, irra- Figure 4G ). Plasma IL-1β was undetectable in vehicle-treated WT mice and in WT mice 2, 8, and 24 hours after CM-curdlan injection (data not shown). These findings suggest that alcohol-induced translocation of fungal products, such as β-glucans, induces liver rather than systemic inflammation because these molecules bind to and activate CLEC7A on Kupffer cells. The subsequent increase in expression and secretion of IL-1β promotes ethanol-induced liver disease.
1,3-β-Glucan-induced secretion of IL-1β from Kupffer cells contributes to hepatocyte damage.
To further define a mechanism by which β-glucan induces an inflammatory response that is mediated by Kupffer cells, we isolated Kupffer cells from WT and Clec7a -/-mice and stimulated them with curdlan, a linear form of 1,3-β-d-glucan. Curdlan induced Il1b mRNA expression and IL-1β secretion in WT Kupffer cells, and at much lower levels in Clec7a -/-Kupffer cells ( Figure 5 , A and B). Curdlan-stimulated Kupffer cells that lacked CLEC7A still expressed higher levels of Il1b mRNA and IL-1β protein than unstimulated Clec7a -/-Kupffer cells. This could be because β-glucan induces caspase-1 activation and IL-1β production through other receptors, such as complement receptor 3 (CR3) (29) . Curdlan-induced expression of chemokine (C-X-C motif) ligand 1 (Cxcl1), Cxcl2, and tumor necrosis factor (Tnf) was independent of CLEC7A (Supplemental Figure 5A) .
Together, our results suggest that curdlan activates the transcription of Il1b and processing of pro-IL-1β into mature IL-1β in cultured Kupffer cells. The CLEC7A signaling pathway results in cleavage of pro-IL-1β and production of mature IL-1β by activating canonical NLRP3 and caspase-1 inflammasome pathways (19) . We confirmed that curdlan leads to increased levels of cellular NLRP3 and cleaved caspase-1 in supernatant of Kupffer cells (see immunoblot, Figure 5C ). Caspase-1-deficient Kupffer cells exposed to curdlan secrete lower levels of IL-1β than WT Kupffer cells ( Figure  5D ). Consistent with these findings, cleaved caspase-1 was lower that levels of Il1b mRNA and IL-1β protein significantly increased after chronic administration of ethanol to WT mice ( in the liver of chimeric mice that received Clec7a -/-bone marrow versus mice with WT bone marrow following ethanol administration (Supplemental Figure 5B) .
We transferred conditioned medium from Kupffer cells stimulated with curdlan to cultured primary mouse hepatocytes. The supernatant from Kupffer cells stimulated with curdlan significantly increased death of the primary hepatocytes. This cytotoxic effect was reduced with a neutralizing antibody against IL-1β ( Figure 5E ).
Oil Red O staining showed marked lipid accumulation in cultured hepatocytes following incubation with conditioned medium from Kupffer cells stimulated with curdlan. Steatosis was also blocked when a neutralizing antibody against IL-1β was added to the cell culture experiment ( Figure 5F ). Direct stimulation of hepatocytes with curdlan did not induce cell death or steatosis (Supplemental Figure 5, C and D) . IL-1β alone is not sufficient to induce cell death in cultured hepatocytes (Supplemental Figure  5E ). These results suggest that β-glucan-induced IL-1β and other inflammatory mediators by secreted Kupffer cells synergize to promote hepatocyte injury and steatosis.
Immune response to fungi correlates with survival of patients with chronic alcohol abuse. We investigated whether patients who abuse alcohol have disturbances in their intestinal mycobiome and extraintestinal exposure to fungal products. Using ITS sequencing, we observed changes in the abundance and composition of the fecal mycobiome between alcohol-dependent patients and healthy individuals (controls). Fungal species richness (average number of OTUs, 5 ± 3 vs. 9 ± 6) and diversity (average Simpson index, 0.74 ± 0.25 vs. 0.42 ± 0.24) were lower in alcoholics compared with controls. There was also a dramatic overgrowth of Candida, with concomitant decreases in Epicoccum, unclassified fungi, Galactomyces, and Debaryomyces ( Figure 6 , A and B, and Supplemental Figure 6, A and B) . Interestingly, overgrowth of Candida was independent of the stage of liver disease; patients with nonprogressive alcoholic liver disease, alcoholic hepatitis, or alcoholic cirrhosis had similar levels of fungal dysbiosis in the intestine. The opportunistic pathogen Candida albicans was among the most abundant Candida species in feces of patients abusing alcohol; however, its average relative abundance diminished with increasing severity of liver disease. Instead, there was an increase in the average relative abundance of Candida dubliniensis (Supplemental Figure 6C) .
We next determined systemic exposure and immune response to intestinal fungi by measuring serum anti-Saccharomyces cerevisiae IgG antibodies (ASCA). Although S. cerevisiae mannan is used to detect ASCA, C. albicans is an important immunogen for ASCA and is likely the origin of an aberrant immune response in humans (30) . Serum samples from patients with cirrhosis due to alcohol abuse had significantly higher levels of ASCA compared with controls or patients with cirrhosis due to chronic hepatitis B virus (HBV) infection ( Figure 6C ). These results indicate fungal dysbiosis and increased systemic exposure and immune response to intestinal fungi in patients with alcohol abuse. Moreover, levels of ASCA correlated with mortality in patients with alcoholic cirrhosis. A significantly smaller proportion of patients with high levels of ASCA survived for 5.5 years than patients with low levels ( Figure 6D ). The 2 groups were similar with respect to model for end-stage liver disease (MELD) score at inclusion (12.9 ± 2 for patients with low ASCA levels vs. 11.9 ± 1.2 for patients with high ASCA levels).
Discussion
Commensal fungi have important functions in health, but alterations in the intestinal mycobiota have been associated with disease (8, 31) . Our study links compositional changes of the intestinal mycobiota to progression of alcoholic liver disease. Chronic alcohol abuse is associated with fungal dysbiosis in mice and humans.
Fungal cell wall components, mainly β-glucan, translocate from the intestinal lumen to extraintestinal spaces that include the liver. Binding of β-glucan to CLEC7A on Kupffer cells and possibly other bone marrow-derived cells promotes alcoholic liver disease by inducing hepatic inflammation, ultimately leading to steatosis and cell death of hepatocytes. Preventing fungal overgrowth protects mice from ethanol-induced liver disease ( Figure 7 ). In our human cohort, the degree of exposure to fungal products correlates with mortality of patients with cirrhosis from alcohol abuse but not viral hepatitis. Although a larger, prospective study is required to confirm data from our retrospective analysis of a human cohort with a relatively small number of patients, our findings support the importance of the mycobiota for patients with alcoholic liver disease. We confirmed that ethanol-induced liver disease is associated with an increase in hepatic F4/80-positive cells (22) . CLEC7A is primarily expressed on myeloid cells (18) . Due to technical experimental limitations, there is a possibility that CLEC7A-positive liver disease. Given these differences between alcohol-associated changes in the human and mouse mycobiome, our data indicate that compositional changes might not be causatively linked to progression of alcoholic liver disease. Rather overgrowth of intestinal fungi in combination with a dysfunctional gut barrier results in increased systemic levels of β-glucan, eliciting a chronic inflammatory response in the liver. Future studies are required to determine whether single fungal species contribute to liver disease progression more than others by possibly generating larger amounts of β-glucan. Candida dubliniensis is increasing in patients with alcoholic hepatitis and is the most abundant Candida species in patients with end-stage liver disease due to alcohol abuse. C. dubliniensis is an opportunistic fungal pathogen recently shown to cause meningitis in a patient with hepatitis C virus-related cirrhosis (37) . Chronic liver disease is an independent risk factor for C. dubliniensis bloodstream infections (38) . We have identified a cross-talk between bacterial and fungal pathogen-associated molecular patterns (PAMPs) during alcoholic liver disease. Hepatic IRAK3, a negative regulator of TLR signaling (24) , was increased after reduction of an alcohol-associated increase in intestinal fungi. IRAK3-deficient mice are more susceptible to alcohol-induced liver injury (39) . This indicates that in the absence of fungal PAMPs, bacterial signaling through TLRs and MYD88 is inhibited. A synergism between bacterial and fungal PAMPs is necessary for development of ethanol-induced liver disease.
Our study demonstrates an important role of fungal dysbiosis in the development of alcoholic liver disease. We found that antifungal drugs prevented ethanol-induced steatohepatitis in mice. This therapeutic strategy can easily be translated into clinical practice, because oral amphotericin B has no systemic side effects and is well tolerated by patients. Alcohol-associated fungal dysbiosis in humans is characterized by a large increase in Candida, which is susceptible to amphotericin B. The effects of this drug should be tested in patients with alcohol-related liver disease, who are in urgent need of new therapeutics. Manipulation of the intestinal mycobiome might be an effective strategy for attenuation of alcohol-related liver disease.
bone marrow-derived cells other than Kupffer cells mediate the effects of β-glucan in the liver. However, CLEC7A on bone marrow-derived cells does not alter gut barrier function and systemic inflammation. Elimination of resident Kupffer cells and infiltrating macrophages prevents ethanol-induced liver disease in rodents (28) , suggesting that these myeloid cells are required for progression of alcoholic liver disease. Activation of pathogen recognition receptors of the innate immune system induces the appropriate host defense response to pathogens. Receptors such as CLEC7A detect fungal infections and activate a strong innate immune response. Once the infection is cleared, the inflammatory response is turned off. However, chronic exposure of CLEC7A to fungal products continuously activates the cellular inflammasome pathway, causing a continuous inflammatory response and tissue damage. Similar processes might contribute to fungus allergies following chronic exposure in mice (32) .
Alcoholic liver disease is associated with a dysfunctional gut barrier that allows translocation of microbial products from the intestine to the liver (20, 33, 34) . We have previously demonstrated that dysbiosis-induced intestinal inflammation increases intestinal permeability (23, 35) . Reducing bacteria with nonabsorbable antibiotics and restoration of bacterial eubiosis abolishes the onset of an intestinal barrier dysfunction (23, 36) . Interestingly, decreasing intestinal fungal overgrowth with nonabsorbable antifungals did not alter gut barrier function, and intestinal permeability remained increased. These findings suggest that a main pathogenic mechanism for mycobiota-associated progression of liver disease is an increase in intestinal fungal populations. Overgrowth of fungi produces more fungal products such as β-glucan, which can escape from the intestinal lumen through already dysfunctional enteric tight junctions to the liver. Thus, fungal dysbiosis and overgrowth do not seem to modulate the intestinal barrier function.
The mycobiome of mice is dominated by Candida parapsilosis; following alcohol feeding its abundance decreased, while other fungal populations increased. In humans, Candida albicans is the most abundant species in nonalcoholics, and its abundance is further increasing in alcoholics with nonprogressive alcoholic Amplicons were purified using the GeneJet PCR purification system (Thermo Fisher Scientific). Purified amplicons were then quantified using SYBR Gold (Thermo Fisher Scientific), normalized, and pooled to generate a library of equimolar DNA molecules per sample. To evaluate the mouse intestinal mycobiome, which has a lower abundance of fungi than that of humans, we optimized DNA extraction, quantitation, and amplification methods. Samples were vortexed in Qbiogene lysing matrix B tubes using a Mini-Beadbeater instrument (Biospec Products). We then followed a published DNA isolation protocol (8) . DNA samples were quantified using PicoGreen dsDNA assay (Life Technologies); 100 ng DNA was used for PCR with Q5 High Fidelity Polymerase (NEB) with BITS and B58S3 primers specific for ITS1 containing partial dual-indexed Illumina adapters as for 16S rRNA (47) under the following conditions: 98°C denaturing step followed by 39 cycles of 98°C for 10 seconds, 55°C for 20 seconds, and 72°C for 30 seconds, followed by a final extension step of 72°C for 2 minutes. Amplicons were purified twice with Agencourt AMPure beads (Beckman Coulter) at 0.9 beads to DNA ratio. To assess whether amplicons were free of adapter dimers and to verify insert size, amplicons were analyzed and quantified on the Bioanalyzer, using the high-sensitivity dsDNA chip (Agilent), and pooled. The final pool was quantified with Library Quant kit (Kapa Biosystems). Sequences were generated using the MiSeq 2*150 V2 kit (Illumina) with 35% PhiX library added and custom primers spiked in. The ITS and index primer sequences were the same as those used for the human mycobiome.
Sequence processing and analysis steps were performed by our open-access, mothur-based (49) workflow software, YAP (46, 50) . Mothur version 1.34 was used in this study. To achieve acceptable memory and run-time scalability with large MiSeq data sets, the preclustering and clustering stages of the pipeline were implemented with CD-HIT (51, 52) sequence clustering software instead of the corresponding built-in mothur commands. Taxonomic classification of assembled forward and reverse reads was performed by mothur's implementation of the RDP Naïve Bayesian Classifier (53) using version 1.2 of the manually curated targeted host-associated fungi (THF) database (54), trimmed to include only the ITS1 region amplified by the BITS/B58S3 primers, removal of non-ITS sequences, and trimmed sequences less than 45 nucleotides in length, and then formatted for use with mothur. Fungal species-level OTUs were defined at 97% sequence identity (47) . Candida species-level classification of ITS sequences was performed using STIRRUPS (55) with a custom sequence library of 31 nonredundant representative sequences pulled from the trimmed THF database. Sequence data were registered at NCBI under BioProject PRJNA317653. Sequence reads are available from the NCBI under the following consecutive BioSample IDs: SAMN04874830-SAMN04874861.
Methods
Mice. Clec7a
-/-mice have been described (40) . Heterozygous (Clec7a +/-) mice on a C57BL/6 genetic background were bred to generate mice without disruption of Clec7a (WT) and mice with homozygous disruption (Clec7a -/-mice). Female mice (age, 8 weeks) were fed ethanol for 8 weeks (the Lieber-DeCarli diet model of chronic alcohol consumption), as previously described (23) . The Lieber-DeCarli diet comprises Micro-Stabilized Alcohol Rodent Liquid Diet (LD101A, irradiated; TestDiet), maltodextrin IRR (9598; TestDiet), and 200-proof ethanol (Gold Shield). The caloric intake from ethanol was 0 on day 1, 10% of total calories on days 2-4, 20% on days 5-7, 30% from day 8 until the end of 6 weeks, and 36% for the last 2 weeks. Control mice received an isocaloric amount of isomaltose instead of ethanol.
To produce bone marrow chimeras, mice were given lethal doses of radiation (600 rad) twice, using a 137 Cs source. Two weeks after bone marrow transplantation, mice were injected i.p. with 200 μl of clodronate liposomes (5 mg/ml; Vrije Universiteit, Amsterdam, Netherlands) to deplete radioresistant Kupffer cells. The Lieber-DeCarli diet began 4 weeks after bone marrow transplantation.
To reduce intestinal commensal fungi, nonabsorbable amphotericin B (60 mg/kg/d) (41) (Medisca) was added to the liquid Lieber-DeCarli alcohol-containing and control diets. Female C57BL/6 mice were purchased from Charles River Laboratories for this experiment.
To prove whether soluble β-glucan can activate CLEC7A in vivo, carboxymethyl-β-1,3-d-glucan (2 mg; CM-curdlan, Wako) was injected i.p. into WT and Clec7a -/-mice. Control animals received a comparable vehicle (0.01 M NaOH, saline; pH 7) treatment. Mice were sacrificed 2, 8, and 24 hours after CM-curdlan injection and investigated for plasma IL-1β levels and hepatic Il1b expression.
Real-time qPCR. RNA of mouse tissues was extracted using Trizol (Invitrogen). DNase treatment of RNA was performed using the DNAfree Kit (Ambion), and RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription kit (ABI). Real-time qPCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad) using primer sequences obtained from NIH qPrimerDepot (mouse and human) and a StepOnePlus thermocycler (ABI). The qPCR value was normalized to mouse 18S. Gene expression results are expressed relative to the levels of control (WT) mice or cells. DNA was isolated from feces as previously described (4, 21, 42) . Published microbial primer sequences for 16S rRNA gene (43) and fungal-specific 18S rDNA gene were used (44) . To quantify the total bacterial or fungal load present in feces, the qPCR value of fungal 18S rRNA gene or the bacterial 16S rRNA gene, respectively, was multiplied by the total amount of DNA (micrograms) per milligram of feces for each sample.
Sequencing and analysis. We performed deep DNA pyrosequencing of fecal DNA, targeting the hypervariable V4 region of prokaryotic 16S rRNA loci, using a dual indexing strategy on the Illumina MiSeq platform, as previously described (45) . Microbial community profiles were generated using species-level (97% similarity) operational taxonomic unitbased (OTU-based) classification and analysis, as previously described by us (22) . Sequence data were registered at NCBI under BioProject PRJ-NA317649. Sequence reads are available at NCBI under the following consecutive BioSample IDs: SAMN04874715-SAMN04874755.
To evaluate the human intestinal mycobiome, fungal-specific internal transcribed spacer (ITS) amplicon sequencing and analysis were conducted as previously described (4, (46) (47) (48) . In brief, ITS sequence data were generated with Illumina MiSeq V2 kit using jci.org Volume 127 Number 7 July 2017
For conditioned medium and IL-1β neutralization experiments, Kupffer cells were cultured with RPMI 1640 medium containing 10% FBS for 4 hours and serum starved in RPMI 1640 and Medium 199 (50% vol/vol) overnight. Kupffer cells were then stimulated with curdlan for 8 hours. Cell supernatants were transferred to hepatocytes, and incubated for 24 hours. A neutralizing antibody against IL-1β (10 ng/ml; ab9722; Abcam) or isotype IgG (10 ng/ml, control) was added to the conditioned medium after the transfer. Hepatocyte cytotoxicity and intracellular lipid staining experiments were performed.
Isolation of human liver cells. Primary human hepatocytes, Kupffer cells, and hepatic stellate cells were isolated as previously described (59, 60) . RNA extraction and quantitative reverse transcriptase PCR were performed as previously described (60) Human serum samples. We analyzed data collected from 28 patients with alcoholic liver cirrhosis from July 1, 2010, through October 31, 2010, as previously described (62) . In brief, our analysis excluded patients who tested positive for hepatitis C antibody or hepatitis B surface antigen or had any other liver diseases. Liver cirrhosis was detected by ultrasonography (based on presence of cirrhotic liver parenchyma), presence of esophageal or gastric varices (based on upper endoscopy examination), or splenomegaly (based on imaging studies). Continuous alcohol drinking was defined as ingestion of more than 60 g/d of alcohol for more than 10 years in men and more than 20 g/d for more than 10 years in women. We also analyzed data from 2 control cohorts of similar age and sex distribution: 14 healthy individuals and 43 patients with HBV-related liver cirrhosis who did not consume alcohol. Patient characteristics are presented in Supplemental Table 1 .
Patients did not take antibiotics or immunosuppressive agents during the 2 months preceding enrollment. Other exclusion criteria were diabetes, inflammatory bowel disease, known liver disease of any other etiology, and clinically significant cardiovascular, pulmonary, or renal comorbidities. The study protocol was approved by the Ethics Committee of En Chu Kong Hospital, and a written informed consent was signed by each participant after the nature and possible consequences of the studies were explained. The percentages of patients with alcoholic liver cirrhosis surviving for a 66-month period were determined from chart review. The cutoff value (8 U/ml) was the median serum level of ASCA-IgG, and the endpoint was liver-related mortality. During the follow-up period (5.5 years), 13 of 28 patients died. The cause of death was liver-related disease in 12 patients, and 1 patient died from metastatic nasopharyngeal carcinoma. One patient was lost to follow-up and excluded from the survival analysis.
Protein analysis. IL-1β (14-7012, clone B122; eBioscience) and albumin (E90-134; Bethyl Labs) were measured by ELISA. Human serum samples were assessed for the presence of ASCA-IgG using ELISA (KA1270; Abnova). Immunoblot analysis was performed using antibodies against cytochrome P450 family 2 subfamily E polypeptide 1 (AB1252; CYP2E1; Millipore), β-actin (A5441; Sigma), occludin (71-1500; Invitrogen), NLRP3 (MAB7578; R&D Systems), and caspase-1 p20 (AG-20B-0042-C100; AdipoGen). For detection of cleaved caspase-1 in culture supernatant, proteins were precipitated using methanol/chloroform, and whole extracts were subjected to immunoblotting. Immunoblots were analyzed by densitometry, using NIH ImageJ.
Biochemical analysis. Plasma levels of alanine aminotransferase (ALT) and hepatic levels of triglyceride were measured using the Infinity ALT kit (Thermo Fisher Scientific) and Triglyceride Liquid Reagents Kit (Pointe Scientific), respectively. Plasma levels of ethanol were measured using the Ethanol Assay Kit (BioVision). Hepatic alcohol dehydrogenase (ADH) activity was determined using the ADH Assay Kit (BioVision). Plasma LPS (CEB526Ge; Cloud-Clone Corp.) and 1,3-β-d-glucan (MBS730464; MyBioSource) levels were measured by ELISA. Plasma was diluted 1:4 for 1,3-β-d-glucan measurements.
Staining procedures. For immunofluorescence staining, antigens of formalin-fixed slides were retrieved with a retrieval solution (Dako) containing 1% Triton and blocked using tissue blocking solution (Dako). F4/80 antibody (14-4801; eBioscience) and antibody against IL-1β (ab9722; Abcam) were used as primary antibodies. Nuclei were stained with DAPI (blue). For histologic analysis of liver tissues, formalin-fixed liver sections were stained with H&E. Frozen liver sections were analyzed by Oil Red O staining. Samples were analyzed by densitometry, using NIH ImageJ. The results are presented as percentage area positively stained. Immunofluorescent staining of mouse and human liver was performed using frozen sections with primary antibodies against CLEC7A (MCA2289FT; conjugated with FITC; Bio-Rad), mouse F4/80 (14-4801; eBioscience), and human CD68 (IS613; Dako).
Mouse cell culture studies. Primary mouse Kupffer cells, hepatic stellate cells, and hepatocytes were isolated as previously described (56) with minor modifications. RNA was extracted from hepatic stellate cells directly after the isolation. Quiescent hepatic stellate cells were isolated from C57BL/6 mice, and activated hepatic stellate cells were purified from mice exposed to carbon tetrachloride. C57BL/6 mice were gavaged with 200 μl carbon tetrachloride (25% vol/vol in corn oil) twice weekly for 6 weeks (57). Kupffer cells were isolated from C57BL/6, Clec7a -/-, or Casp1 -/-mice (which are also Casp11-deficient) (generated by R. Flavell, Yale University, New Haven, CT, USA) (58) and selected by magnetic cell sorting using anti-CD11b Micro Beads (Miltenyi Biotec). Kupffer cells were cultured with RPMI 1640 (Thermo Fisher Scientific) containing 10% FBS for 4 hours. After an overnight starvation in medium without FBS, Kupffer cells were stimulated with curdlan (100 μg/ml; InvivoGen) for 4 hours (gene expression) or 8-9 hours (protein secretion experiments, immunoblotting experiments). Primary mouse hepatocytes were cultured with Medium 199 (Thermo Fisher Scientific) containing 10% FBS for 4 hours. After overnight starvation in medium without FBS, cells were stimulated with curdlan (100 μg/ml) for 8 hours, or IL-1β (10 ng/ml; R&D Systems) for 24 hours. Hepatocyte death was quantified using the Pierce LDH Cytotoxicity Detection Kit (Thermo Fisher Scientific). Oil Red O staining was used to identify lipid accumulation in cultured hepatocytes.
Human fecal samples. Healthy individuals without chronic disease (controls, n = 8), alcohol-dependent patients without evidence of progressive liver disease (nonprogressive liver disease, n = 10), patients with alcoholic hepatitis (alcoholic hepatitis, n = 6), and patients with alcoholic liver cirrhosis (alcoholic cirrhosis, n = 4) were included in the study. Diagnosis of alcoholic hepatitis was made by biopsy in 3 of 6 patients. The remaining patients with alcoholic hepatitis and all patients with alcoholic cirrhosis were diagnosed based on a combination of clinical, biochemical, and imaging parameters. All patients included were actively drinking. Baseline features of this cohort are provided in Supplemental Table 2 . Stool samples were collected, and DNA was extracted from fecal samples (21) . Written informed consent was signed by each participant after the nature and possible consequences of the studies were explained. The study protocol was approved by the IRB of each institution involved.
Human liver and duodenal biopsies. Patients with alcohol dependence and with active alcohol consumption were compared with individuals without alcohol dependency (controls). Duodenal biopsies were taken and immediately snap-frozen from otherwise normal subjects who underwent outpatient upper gastrointestinal endoscopy for gastroesophageal reflux symptoms. Only biopsies from subjects with endoscopically and histologically normal duodenum were finally retained as true controls. Alcohol-dependent patients who followed an inpatient alcohol withdrawal program underwent routine upper gastrointestinal endoscopy with duodenal biopsy on the second day of admission. Patients with disturbed liver function tests and suspicion of significant fibrosis determined noninvasively by Fibroscan were proposed for a liver biopsy. Liver biopsy was performed on the third day of admission in patients. Liver specimens from control patients were obtained from surgical resections or from size-reduced donor livers before transplantation. Written informed consent was signed by each participant after the nature and possible consequences of the studies were explained. The study protocol was approved by the Ethics Committee of the Université Catholique de Louvain.
Statistics. Results are expressed as mean ± SEM. Significance was evaluated using the unpaired Student's t test except when stated otherwise. For comparison of 3 groups, 1-way ANOVA with Newman-Keuls post-test was used. Not normally distributed (Shapiro-Wilk test) serum levels of ASCA were transformed by taking the logarithm to the base of 10. Significance of mouse microbiome data was determined using the Kruskal-Wallis rank-sum statistical test with YAP. Kaplan-Meier curves were used to compare survival between groups; significance was assessed using the log-rank test. A P value less than 0.05 was considered to be statistically significant.
Study approval. All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee of UCSD. Studies using human materials were reviewed and approved by an
